Introduction {#S0001}
============

Regulatory agencies and the pharmaceutical industry increasingly expect that the entire manufacturing process will be driven by good manufacturing practices (GMP).^[1](#CIT0001)--[3](#CIT0003)^ Therefore, the process of defining and controlling product critical quality attributes (CQA), which are defined by the quality by design approach (QbD),^[4](#CIT0004)--[6](#CIT0006)^ is crucial, and ensures that the safety and efficacy of the product are maintained.^[7](#CIT0007)^ The higher order structure (HOS) of a product, which may be considered a CQA, can be studied by a wide range of techniques, such as fluorescence detection,^[8](#CIT0008)^ circular dichroism,^[9](#CIT0009)--[13](#CIT0013)^ X-ray crystallography,^[14](#CIT0014)--[16](#CIT0016)^ nuclear magnetic resonance (NMR),^[17](#CIT0017)--[19](#CIT0019)^ epitope detection and Fourier-transform infrared spectroscopy.^[20](#CIT0020)--[23](#CIT0023)^ This characterization approach is in line with the U.S. Food and Drug Administration's Quality by design (QbD) initiative^[24](#CIT0024)^ linking a desired product quality with physico-chemical or biological properties/characteristics.^[25](#CIT0025)^ Information gathered during this testing is of great value in terms of product knowledge, providing a link between result values and the corresponding CQAs, but it is also valuable for product developability assessment.^[26](#CIT0026)^ The knowledge gained from this developability assessment can be used to guide the process and product development to reduce timelines and resource consumption.

Mass spectrometry (MS) has become the gold standard as a tool to characterize biologic protein products. This was demonstrated by Rogstad *et al*. based on the number of submitted biologics license applications in which MS was extensively used within the characterization section.^[27](#CIT0027)^ In addition, Rathore *et al*. showed the capability of emerging MS-based applications in product development, such as comparability, biosimilarity, and quality control.^[28](#CIT0028)^ For instance, an advance in HOS analysis and the relation between drug structure and activity for a therapeutic monoclonal antibody (mAb) using hydrogen/deuterium exchange MS was reported in 2016 by Yan *et al*.^[29](#CIT0029)^ In this work, the authors highlighted that oxidation and aspartic acid isomerization, which are included in complementary-determining region 2 (CDR2) of a mAb heavy chain, modify the binding of the mAb with its respective antigen in an enzyme-linked immunosorbent assay (ELISA). Another MS-based method was developed by Gau *et al.[^30^](#CIT0030)* based on the fast photochemical oxidation of proteins. In this technique, the reaction between a radical and a residue side chain is used to evaluate the solvent accessibility of the residue, which is determined by the protein's tertiary and quaternary structure. The identification of the protein's oxidized residues gives information on the HOS of the protein.

Using high-resolution 2D NMR, a recent interlaboratory study demonstrated the precision and robustness of the technique for HOS comparison of four different filgrastim molecules (1 innovator product compared to 3 biosimilar products). The study allowed differentiation between different products.^[19](#CIT0019)^

A significant disadvantage of existing HOS analysis techniques is their lack of applicability within a routine quality control (QC) environment. The techniques require expensive equipment, highly trained operators, complex post-acquisition treatment of data and software that would comply with the data integrity requirements prescribed in cGMP.^[31](#CIT0031)^ In addition to these requirements, it is difficult to set simple acceptance criteria to control HOS for these state-of-the-art techniques.

Perrin *et al.[^32^](#CIT0032)* recently reported a method to perform limited proteolysis^[33](#CIT0033)--[35](#CIT0035)^ of mAbs in native-like conditions. In this approach, the protease cleaves the protein backbone in locations that are accessible to the protease. The authors followed Lys-C enzymatic digestion kinetics via liquid chromatography hyphenated to tandem MS (LC-MS/MS), and observed significant differences between native mAb and deglycosylated mAb in terms of the rates of peptides released by the Lys-C digestion. Their results demonstrated the suitability of limited proteolysis and LC-MS/MS for the analysis of HOS in a biopharmaceutical environment.^[32](#CIT0032)^ More recently, Cao *et al*. applied a limited proteolysis method to different stressed samples with MS equipment easily amenable to a QC environment. This and other limited proteolysis methods have been used to discriminate stressed and unstressed material.^[32](#CIT0032),[36](#CIT0036)^

Here, we have further developed the method so that, in addition to its routine use to support process, formulation development and stability studies, the method yields predictive information on the biological activity of the drug. The initial work was conducted to identify all the peptides that are cleaved by the trypsin in native-like conditions by matrix-assisted laser desorption ionization mass spectrometry (MALDI) coupled with high-resolution mass spectrometry. Because the biopharmaceutical industry pipeline includes different subtypes of mAbs, we applied our method to two of the most common subtypes: IgG4 and IgG1 antibodies. To demonstrate the high capacity of the method to extract information on the biotherapeutics structure during stress conditions, we followed the unfolding pathway of the IgG4 molecule by the native peptide mapping during heat stress. In parallel to the unfolding pathway study by native peptide mapping, the unstressed and stressed materials were analyzed by a cell-based assay (CBA) in order to give information on the activity of the drug. A correlation was shown by comparing the structural integrity of the mAb (HOS information given by the native peptide mapping) and its activity by the bioassay. Finally, the same strategy was applied to multiple-stressed samples to clearly demonstrate the relationship between the native peptide mapping and the bioassay. These studies were useful in defining what changes to the HOS of the mAb were critical to maintain the biological activity of the molecule.

Results {#S0002}
=======

Development of the native peptide mapping method and its extension in a QC routine environment {#S0002-S2001}
----------------------------------------------------------------------------------------------

The IgG4 mAb samples were subjected to limited proteolysis in native-like conditions for a range of time periods. To maintain the native conditions of the sample, it was diluted with the Hanks' Balanced Salt buffer, and proteolysis was induced by the addition of trypsin. The trypsin digestion was quenched at several time points by acidification of the sample (addition of 1% trifluoroacetic acid (TFA)). Peptides resulting from the mAb digestion were then identified using MALDI-HRMS. [Table 1](#T0001) summarizes the detection of the cleaved peptides with respect to the trypsin incubation times. The number of cleaved peptides increased as a function of the trypsin incubation time. Repeatability was assessed by analyzing the same material in triplicate on two occasions. All samples had identical order of appearance of the cleaved peptides after 5-min trypsin incubation, demonstrating the repeatability of the method (see [Figure 1](#F0001)--[4](#F0004) of the supplementary material).10.1080/19420862.2019.1634460-T0001Table 1.Summary table of cleaved peptides of IgG4 mAb trypsin digestion as a function of digestion duration. Green cell: peptide is detected by MALDI-HRMS, grey cell: peptide not detected.![](kmab-11-08-1634460-i001.gif){#ILG0001}10.1080/19420862.2019.1634460-F0001Figure 1.3D IgG4 mAb structure -- Trypsin digestion evolution -- Cleaved peptides in red. The crystal structure of the mAb is the PDB 5DK3 with superposition of the Fab subunit crystal structure of the IgG4 mAb.^[34](#CIT0034).^

A digestion evolution picture of the mAb during the 5 first minutes is illustrated in [Figure 1](#F0001) and cleaved peptides are highlighted in red. During the 5-min trypsin incubations, the first peptide from the Fc subunit was HC 390--406. Additional Fc peptides (HC 122--133 crosslinked to LC 213--219, HC 122--133 crosslinked to LC 217--219, HC 246--252, HC 286--298, HC 290--298, HC 299--314, and HC 338--357) were progressively cleaved. The first peptides identified from the Fab subunit were HC 1--19, HC 44--61, HC 77--87, LC 1--18, LC 36--47, LC 51--66, and LC 52--66 after 2 min of trypsin incubation. An (IgG1) mAb was also analyzed using the native peptide mapping method and preliminary results, which are presented and discussed in supplementary material in [Table 1](#T0001), demonstrate the feasibility of the method for this mAb structure.

To facilitate the native peptide mapping method applicability to a QC environment, we substituted the MALDI-HRMS instrument with an Ultra Performance Liquid Chromatography system coupled to a mass detector (UPLC-MS). This routine UPLC-MS system has already been used by Xu *et al*. and Cao *et al*. for the development of routine-driven methods for product characterization, product development and quality control of biologics.^[36](#CIT0036),[37](#CIT0037)^ The peptide list, which was made during the development stage during MALDI-HRMS analysis, was used to aid this change of instrument.

A molecule's unfolding pathway can be followed using native peptide mapping {#S0002-S2002}
---------------------------------------------------------------------------

The second step in this work is the monitoring of the unfolding pathway of the molecule by the native peptide mapping in harsh temperature conditions. To evaluate whether native peptide mapping can detect changes in a mAb's HOS upon heat stress, a mAb sample was incubated at 50°C for 11 days, and stressed samples were collected on different days. Were the stress conditions to affect the HOS of the mAb, it would be expected that the profile of peptides released by the limited proteolysis would change.

After limited proteolysis for 5 min, UPLC-MS system was used to monitor cleaved peptides. [Figure 2](#F0002) shows the peak area of two different cleaved peptides from days 0, 1, 2, 3, 7, and 11. One peptide (in blue) HC 299--314 was detected under both stressed and non-stressed conditions. After day 1, the peak area of the cleaved peptide appeared not to increase further. In contrast, the crosslinked peptide LC 132--147-LC 196--212 (in orange) was only detected in the stressed samples and increased steadily with the duration of the stressing. Consequently, peptide LC 132--147-LC 196--212 is a marker of stress observed by UPLC-MS in this mAb under the conditions described.10.1080/19420862.2019.1634460-F0002Figure 2.Histogram of two different peptides peak area in function of the temperature stress duration. The red line corresponds to the area threshold of the peptide to better assess a conformational change. Red line is missing for the crosslinked peptide LC 132--147-LC 196--212 because no peptide was detected at T0.

In parallel, the unstressed and stressed samples were analyzed with the native peptide mapping method using MALDI-HRMS to follow the heat degradation pathway of the molecule. The results are summarized in [Table 2](#T0002). The sample was digested for 1 min with trypsin before analysis with MALDI-HRMS. The quenching of the digestion was done at 1 min and just after the start of the digestion (less than 20 s of digestion) by adding 1% TFA solution.10.1080/19420862.2019.1634460-T0002Table 2.Summary table of the detected peptides after 1-min trypsin digestion by native peptide mapping from IgG4 samples exposed to temperature stress (50°C from Days 0 to 11). Green cell: peptide is detected; grey cell: peptide not detected. Peptides with asterisk mark (\*) were detected earlier in term of trypsin incubation time at Day 7 (except for LC 109--113 at Day 11).![](kmab-11-08-1634460-i002.gif){#ILG0002}

Three different peptide groups can be differentiated based on the results shown in [Table 2](#T0002). The first group, comprising peptide HC 390--406, shown in white, was observed in the unstressed material after a 1-min trypsin incubation. This peptide was also observed after the stress condition (heating at 50°C in a dry bath), but it was cleaved earlier in terms of trypsin incubation time (detected after several seconds at Days 1, 7, and 11). This is interpreted as indicating that the trypsin accessibility is increased by the stress, and, therefore, that the levels of unfolded or misfolded species increase during the stress.

The second group of peptides, shown in orange in [Table 2](#T0002), was detected in the samples that were stressed for one day or more. Furthermore, as already observed for the first peptide group, peptides marked with asterisks were cleaved earlier (and detected after several seconds) at Day 7 and Day 11. Based on the two observations we made for this group, those peptides (in orange) are markers of the heat stress applied to the molecule. The third group of peptides, shown in yellow in [Table 2](#T0002), was detected in the samples that were stressed for at least seven days. These peptides represent a signature of more extensive heat stress of the molecule. The sequence of cleaved peptides released and the rate of release are indicative of the HOS and unfolding pathway of the mAb.

Structure--activity relationships of stressed samples analysis {#S0002-S2003}
--------------------------------------------------------------

Temperature-stressed samples (50°C in a dry bath), for which HOS results were already reported in the previous section, were also analyzed by the CBA, and results are reported in [Figure 3](#F0003). The dose--response curves show a shift to the right as a function of the stress duration. This indicates that the stress condition negatively impacting the biological activity of the drug correlates with the results of native peptide mapping ([Figure 2](#F0002) by routine UPLC-MS and [Table 2](#T0002) by MALDI-HRMS), which showed an evolution of the HOS with the duration of the heat stress.10.1080/19420862.2019.1634460-F0003Figure 3.Dose-response curves generated in cell-based bioassay with a fixed concentration of the IgG4 drug target and serial dilutions of the drug. Samples come from heat degradation pathway study.

Additional stress conditions were used to investigate the consequence of these conditions on the HOS of the mAb as measured by the native peptide mapping and the CBA. The following conditions were used: temperature (50°C for 14 days in oven), oxidative stress (0.1% H~2~O~2~ for 14 days at 5°C) and acid stress (pH3 for 14 days at 5°C). Stressed materials were analyzed by native peptide mapping. These digests were then analyzed by MALDI-HRMS (in [Table 3](#T0003)), by the routine UPLC-MS ([Figure 5](#F0005)) and by CBA ([Figure 6](#F0006)). The aim was to correlate the native peptide mapping results to the biological activity measured in bioassay as a function of the stressing agent.10.1080/19420862.2019.1634460-T0003Table 3.Summary table of the IgG4 mAb identified peptides by MALDI-HRMS that were cleaved after 5-min trypsin incubation time for each stress condition and for the reference (unstressed material). In grey, absence of peptide; green, peptide observed. Peptides containing CDRs are in bold italic.![](kmab-11-08-1634460-i003.gif){#ILG0003}

As shown in [Table 3](#T0003), different peptides were observed depending on the stress conditions used. Oxidized and deamidated species were also observed in stressed samples by MALDI-HRMS. However, these modified peptide species were less abundant in the spectra compared to their corresponding native peptide. Based on the number of the cleaved peptides for each stress condition, the oxidative stress had less impact on the HOS structure of the mAb compared to the temperature stress and the acid stress, which was the most aggressive ([Figure 4](#F0004)). This hypothesis was confirmed by circular dichroism; results are shown in [Figure 5](#F0005) in the supplementary material.10.1080/19420862.2019.1634460-F0004Figure 4.3D IgG4 mAb structures with identified peptides after 5-min trypsin digestion in different colors depending on stress condition.10.1080/19420862.2019.1634460-F0005Figure 5.Peak area histogram of 3 CDR peptides peak area measured by UPLC-MS. CDR 1 area corresponds to the sum of the HC 44--61 and HC 44--65 peptide areas. CDR 2 area corresponds to the LC 36--50 peptide area. CDR 3 area corresponds to the sum of the LC 51--66 and LC 52--66 peptide areas.

Samples were then analyzed with the routine UPLC-MS system, and peptides from the CDRs (in bold italic in [Table 3](#T0003)) were quantitated based on their peak area (see [Figure 5](#F0005)). CDR peptides were chosen because of their role in the binding between the drug and its target. HC 77--87 peptide, which is included in the variable region close to a CDR of the mAb and only observed in acid-stressed sample results, was also quantitated ([Figure 6](#F0006) - SM6 in supplementary material). HC 77--87 peptide quantitation shows the same trend as the CDR peptides. HC 358--367, HC 414--436, and crosslinked HC 122--133-LC 217--219 peptides, which are located in the Fc subunit and the hinge region of the mAb, respectively, were not considered in the quantitation approach because of their location in the constant region of the mAb.10.1080/19420862.2019.1634460-F0006Figure 6.Dose-response curves generated in cell-based bioassay with a fixed concentration of the IgG4 drug target and serial dilutions of the drug. Samples come from different stress conditions.

The areas of HC 44--61 and HC 44--65 have been summed, see [Figure 5](#F0005) and named "CDR 1" since both peptides were in this region of the molecule. The area of peptide LC 36--50 was reported as it contains another CDR and named "CDR 2". The areas of LC 51--66 and LC 52--66 have also been summed and called "CDR3". The acid-stressed sample presents higher levels of the CDR region containing peptides and of HC 77--87 peptide compared to the temperature-stressed sample and the oxidative-stressed sample (see [Figure 6](#F0006) in supplementary material). Moreover, no CDR peptide has been detected by the routine UPLC-MS system for the unstressed material (neither by MALDI-HRMS, see [Table 3](#T0003)).

Comparison of the dose--response curves generated from the tested conditions ([Figure 6](#F0006)) indicates that the acid-stressed sample (in purple) had a loss of biological activity (horizontal shift to the right) compared to the reference (in red). This observation could be explained by the fact that this stress was the most disruptive of the mAb's HOS by native peptide mapping ([Figure 5](#F0005)) and CD (see [Figure 5](#F0005) -- SM5 in supplementary material). Furthermore, following the native peptide mapping results summarized in [Table 3](#T0003), four CDR peptides (in bold italic) were only identified in the acid-stressed sample.

Whilst additional-cleaved peptides compared to the reference were identified by native peptide mapping, no CDR peptides were detected by MALDI-HRMS and a negligible amount of these peptides were measured by routine UPLC-MS. This observation demonstrates that only specific peptides are critical for the biological activity of the drug.

Discussion {#S0003}
==========

HOS determination is usually performed as part of characterization or comparability studies since the methods usually do not easily adapt to routine or QC settings due to the complexity of the methods, expense or availability of equipment and level of scientific expertise to interpret the results. For a HOS method to be easily adopted within a QC or routine testing environment, the assay method should be simple, fast, robust, not require specialized expertise or exotic equipment, and provide easily interpretable results regarding meeting defined specifications. Native peptide mapping fulfills many of the requirements to place HOS determination within a QC environment.

Limited proteolysis sample treatment, and especially the assumption that the protease accessibility in native-like conditions gives information about the HOS of the molecule, is increasingly accepted by the scientific community,^[33](#CIT0033)--[35](#CIT0035),[38](#CIT0038)--[44](#CIT0044)^ particularly to monitor the HOS of a mAb.^[32](#CIT0032),[36](#CIT0036),[45](#CIT0045)^ [Table 1](#T0001) and [Figure 1](#F0001) results suggest that the order of appearance of cleaved peptides is linked to: 1) the primary structure because of the specific cleavage sites of the trypsin, and 2) the HOS of the molecule due to the accessibility of the enzyme to cleavable sites present on the molecule. These assumptions are in line with previous publications^[32](#CIT0032),[36](#CIT0036)^ with an IgG4 mAb, but have never been demonstrated for an IgG1 subtype mAb with such a method (see [Table 1](#T0001) in supplementary material).

The stressed samples analysis and the comparison between stressed and reference samples (see [Figure 2](#F0002)) highlight an important aspect: in addition to the order of appearance of cleaved peptides (determined in [Table 1](#T0001)), the rate of appearance, and therefore the amount of these peptides at a given time, plays a key role in the comparison of the HOS state of the molecule. An increasing proportion of the molecules has an unfolded structure all along the stress period (reflected by the increasing number of cleaved peptides). As shown in [Figure 2](#F0002), a comparison of each species using histograms could rapidly help the analyst to assess the conformation of the molecule during stability study, and such a comparison could reveal information on product stability and product knowledge in development. To introduce this method in QC, the choice of which cleaved peptides to follow is critical. For instance, the LC 132--147-LC 196--212 peptide (see [Figure 2](#F0002)) is a good candidate because of its absence at Day 0 (unstressed material) and its presence on Day 1. Besides, the blue peptide HC 299--314 could be considered as a positive control of the trypsin digestion. In terms of specifications, it could be translated into the presence/absence of specific peptides to demonstrate the HOS of the molecule. In conclusion, limited-proteolysis-based method such as the native peptide mapping can be considered a stability-indicating method that is easily amenable in a QC routine laboratory. In this work, we confirmed the fitness-for-purpose of the native peptide mapping method by repeatability test, but also by applying such a method to another subtype of mAb never reported, IgG1 mAb.

As shown in [Table 2](#T0002), the native peptide mapping method gives rapid information on the unfolding pathway of the molecule for the stress condition (*e.g*., 50°C incubation in a dry bath). Different peptides detected by the method, especially the orange and yellow species could be representative of mAb regions that are sensitive to heat stress. Our interpretation of the results is that the overall molecule seems more flexible/open after the 50°C incubation. The root cause of the higher flexibility of the mAb could be explained by the disruption of non-covalent bonds or by the generation of modified residues (for example, oxidized or deamidated species) due to the stress, which could modify the tertiary structure of the protein,^[46](#CIT0046)^ or even by the combination of multiple phenomena. Further additional in-depth characterization of these stressed samples is needed to better identify what is the trigger of the unfolding. One example of such characterization could be similar to Patel *et al*. work who monitored, by multiple analytical techniques, the physicochemical stability of mAb mixtures to cover key structural attributes of the molecules. In conclusion, the authors stated that the formation of aggregation, a higher order structure attribute, was a trigger to the instability of the studied mAbs.^[47](#CIT0047)^ Other publications have mentioned that various degradation pathways (including the formation of aggregation but also the fragmentation from peptide bond cleavage) are triggered by a high-temperature stress.^[48](#CIT0048)--[55](#CIT0055)^ In addition to having the ability to follow the unfolding pathway of a biotherapeutic, the method could be used to assess the biosimilarity of drugs in unstressed or under stress conditions. For instance, results from Pisupati *et al*. show similar levels of structural variation between biosimilar and innovator products by using different well-established HOS monitoring methods, such as size-exclusion chromatography, circular dichroism as well as bioassay.^[56](#CIT0056)^

The relationship between the HOS determined by native peptide mapping and biological activity as measured by CBA was also evaluated. Two different stress studies were conducted to observe similarities with both techniques. The first stress campaign was the 50°C-heating condition in a dry bath to bridge the native peptide mapping data presented in the unfolding pathway study and CBA data. As presented, the structure of the mAb was evolving all along the stress period due to the identification of additional peptides at consecutive time points. As shown in [Figure 3](#F0003), a trend is also observable for the dose-response curves indicating a progressive loss of biological activity of the drug all along the stress. This observation represents a new capacity of the native peptide mapping method to give information, not only on the HOS of the molecule as already stated in the previous sections and other publications, but also on its functionality/biological activity.

To continue the structure--activity relationship study, a second stress campaign was undertaken. The mAb was stressed with oxidation, high temperature, and acid stress conditions. These stressing conditions are similar to the commonly forced degradation conditions applied to mAbs,^[57](#CIT0057)^ and the purpose of the application of such conditions is to rapidly generate substantial levels of degradation in a short time period. Results shown in [Table 3](#T0003) and [Figure 5](#F0005) highlight that the HOS state located near the three CDR peptides of the acid-stressed sample is different compared to the other samples because of the trypsin accessibility difference. This difference is based on the CDR peptides detection by MALDI-HRMS ([Table 3](#T0003)), but also by the quantitation by the routine UPLC-MS system ([Figure 5](#F0005)). Indeed, in [Figure 5](#F0005), the acid stress has more effect on the HOS of the molecule's CDR compared to the temperature stress sample, even more than the oxidized-stressed sample because it was possible for the trypsin to cleave more of the molecule during the same digestion duration. On the other hand, results shown in [Figure 6](#F0006) indicate a drop in the biological activity only for this acid-stressed sample, demonstrating the relation between both techniques/properties of the drug. Hence, the major breakthrough of this work relies on the structure--activity relationship, which has been highlighted by comparing bioassay and native peptide mapping results with unstressed and multiple stressed materials. The reported results show the impact of various stresses on the HOS (confirmed by CD results) and on the mechanism of action of the drug measured by CBA. This novel capacity of limited proteolysis-based methods opens up new opportunities for the biopharmaceutical analytical community to assess the biological activity of biotherapeutics more rapidly than with the current bioassay-based methods such as ELISA and CBA.

In conclusion, given that the new relationship between the structure and the activity of the mAb, native peptide mapping could be considered a novel multi-attribute method in stability and in batch comparability studies^[58](#CIT0058)^ to assess: 1) the integrity of the mAb with respect to its HOS and 2) the activity of the product by monitoring more precisely the HOS of the CDR regions.

Materials and methods {#S0004}
=====================

Both full-length humanized IgG4 and IgG1 mAbs was manufactured in-house by UCB and were used for this study from available batches. IgG4-mAb formulation buffer is composed of 30 mM L-Histidine, 250mM L-Proline, 0.03% (w/v) Polysorbate 80, pH 5.6. IgG1 mAb formulation buffer is composed of 55 mM sodium acetate, 220 mM Glycine, 0.04% (w/v) Polysorbate 80, pH 5.0.

Generation of stressed samples {#S0004-S2001}
------------------------------

### Heat {#S0004-S2001-S3001}

The IgG4-mAb was incubated at 50°C in a dry bath during the stress. 100 µL was sampled at each time point (Day 0, Day1, Day 2, Day 7, Day 11) and stored at ≤−60°C until analysis.

### Acid -- pH 3 {#S0004-S2001-S3002}

The IgG4-mAb was buffer exchanged into 100 mM sodium citrate (Merck, 1613859) buffer at pH 3.0 and incubated at 2--8°C for 14 days. At the end of the incubation, sample was buffer exchanged back into formulation buffer.

### Oxidation {#S0004-S2001-S3003}

H~2~O~2~ (Merck, 16911) was added to a 500 μL aliquot of IgG4-mAb to a final concentration of 0.1% (w/w) and incubated at 2--8°C for 14 days. At the end of the stress, sample is buffer exchanged back into formulation buffer.

### Temperature {#S0004-S2001-S3004}

The IgG4-mAb is incubated at 50°C in an oven for 14 days and stored at ≤-60 °C until analysis.

Native peptide mapping analysis by matrix-assisted laser desorption ionization mass spectrometry {#S0004-S2002}
------------------------------------------------------------------------------------------------

All samples were subjected to protease digestion by addition of trypsin (Promega, V5117) in Hank's Balanced Salt Solution (Merck, H6648) at 37°C. The ratio of protein to enzyme was 10:1 (w:w); the protein concentration during digestion was 2 mg/mL. The digestion was stopped by the addition of TFA (Merck, 1.08262) to a final concentration of 0.8% v/v after the required time for the digestion step had elapsed. For the time zero samples, the addition of the enzyme was immediately followed by the addition of the TFA. MALDI-MS experiments were performed using UltrafleXtreme mass spectrometer (Bruker Daltonics) with a mass range from 500 to 7000 m/z. The matrix solution was α-Cyano-4-hydroxycinnamic acid (Bruker Daltonics, 8255344) 1.4 mg/mL solubilized in 85/15 acetonitrile (Biosolve, 01207801)/H~2~O (milliQ) TFA 0.1% (Merck, 1.08262), 10 mM NH~4~H~2~PO~4~ (Merck, 216003).

Circular dichroism {#S0004-S2003}
------------------

Spectra were recorded using a Chirascan Plus spectrometer (Aimil). Data were collected at a scan rate of 0.5 nm s^−1^ over the range 250 nm to 320 nm for near UV CD using a cell pathlength of 10 mm. Far-UV data were collected at a scan rate of 0.5 nm s^−1^ over the range 200 nm to 260 nm for far UV CD using a cell pathlength of 0.2 mm.

All spectra were corrected for buffer contribution and concentration corrected (A~280~ reading) and the CD values (mdeg) converted to mean residue molar ellipticity (deg cm^2^dmol^−1^residue^−1^). Measurements were taken at 0.75 mg/mL mAb concentration for both near and far-UV CD.

Native peptide mapping analysis by routine UPLC-MS {#S0004-S2004}
--------------------------------------------------

Reversed phase-Ultra Performance Liquid Chromatography (RP-UPLC) was performed using Waters H-Class Acquity chromatography system coupled to quadrupole mass spectrometer QDa from Waters using electrospray ionization (ESI).

10 µL (10 µg of protein) of the digested sample was injected on a CSH C~18~ 1.7 µm 2.1 mm × 150 mm column (Waters) with the column oven maintained at 40°C. The mobile phase had a flow rate of 0.4 mL/min. The chromatography was performed using milliQ water containing 0.1% formic acid (Merck, 1.00264) for mobile phase A and acetonitrile (Biosolve, 01207801) containing 0.1% formic acid (Merck, 1.00264) for mobile phase B. Gradient was applied as follows: B was increased from 3% to 18% over 19 min, from 18% to 30% over 25 min and from 30% to 37% over 3 min, equilibration time 1 min.

The QDa quadrupole was operated in positive ion mode with a capillary voltage of 1.5 kV and a sample cone voltage of 10 V. Acquisitions were performed over the range 300--1250 *m/z*. Single ion recording mode was used for each peptide identified from Native peptide mapping analysis by MALDI-MS. Data analysis was performed with Empower 3.0 from Waters.

Cell-based bioassay {#S0004-S2005}
-------------------

The cell-based bioassay used to measure the relative potency of the mAb was designed to be representative of its mechanism of action (IgG recycling). The assay is composed of two testing phases. The first step consisted of the incubation of a responsive cell line (MDCK cells (ATCC CCL-34™) over-expressing human drug target) with serial dilutions of the mAb and a fixed concentration of biotinylated human IgG. Binding of the mAb to its target impairs IgG recycling that is further evaluated in ELISA.

The second assay step consists of the quantification of a non-degraded biotinylated human IgG by ELISA. Based on the IgG recycling assay principle, the mAb potency is evaluated for its ability to inhibit the recycling of a biotinylated-IgG solution. Consequently, there is an inverse relationship between the mAb concentration and the amount of biotinylated IgGs measured in ELISA. Relative potency is calculated as the EC50 ratio between standard and test sample dose--response curve preparations, in agreement with the corresponding European/US Pharmacopoeia chapters.^[59](#CIT0059),[60](#CIT0060)^
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